1. Introduction
===============

Cardiac magnetic resonance (CMR) has become a highly reproducible and noninvasive approach for assessing cardiac morphology, function, and myocardial tissue characteristics^\[[@R1],[@R2]\]^ and has been applied widely in a number of cardiac diseases.^\[[@R3],[@R4]\]^ Many CMR diagnostic criteria for cardiac diseases, such as myocarditis,^\[[@R3]\]^ congenital heart disease,^\[[@R4]\]^ and pulmonary hypertension,^\[[@R5]\]^ have been proposed in adults and children. Compared with adults, the CMR of children is significantly different and presents a unique set of technical challenges: the anatomical structures of heart are smaller and the heart rates are faster, which require higher spatial and temporal resolution; the ability to keep motionless and breath-hold in small children is limited,^\[[@R6],[@R7]\]^ which demands free-breathing technologies to decrease or eliminate respiratory bulk motion and through plane motion artifacts. Therefore, CMR scanning protocol in adults might not be suitable for children.

High field (3.0 T) magnetic resonance (MR) could satisfy the high spatial and temporal resolution requirements of children CMR because of its high signal-to-noise ratio (SNR) and contrast-to-noise ratio, especially in certain CMR imaging techniques such as myocardial perfusion imaging,^\[[@R8]\]^ MR spectroscopy,^\[[@R9]\]^ and high-resolution coronary artery imaging.^\[[@R10]\]^ However, 3.0-T MR also causes problems associated with field inhomogeneity, such as standing-wave effects and the pronounced off-resonance artifacts in balanced steady state free precession (b-SSFP) sequence.^\[[@R11]\]^ Deep sedation with multiple signal averaging in b-SSFP cine imaging was the common method to eliminate the through plane motion artifacts and "average out" the respiratory bulk motion in small children.^\[[@R12],[@R13]\]^ But this approach could more or less decrease the spatial resolution, blur the cardiac structure and lead to the accumulation of radiofrequency (RF) dose, especially at 3.0-T MR.

The application of dual-source parallel RF transmission with patient-adaptive shimming is an approach to improve the B1 homogeneity and cine image quality. With patient-adaptive local RF shimming, the optimal phase and amplitude of 2 independent RF transmission channels could be set and revised automatically for subsequent imaging. Recent studies have shown the advantages of dual-source parallel RF transmission for CMR in adult at 3.0 T,^\[[@R11],[@R14],[@R15]\]^ and MR imaging of the abdomen, pelvis, and spine^\[[@R16]\]^ compared with conventional single-source RF transmission. However, to our knowledge, there is a paucity of studies exploring the application of dual-source RF transmission for CMR in children.

Therefore, the purposes of our study were to evaluate the effect of dual-source parallel RF transmission on the B1 homogeneity and to compare the image quality (contrast ratio \[CR\] and off-resonance artifacts) of the cine b-SSFP images with and without patient-adaptive local RF shimming in children.

2. Methods and materials
========================

Thirty children with free-breathing scanning (M, 21; median age: 6.5) and 30 children with breath-hold scanning (M, 16; median age: 11.5) were included in the study from Jul 2011 to Dec 2015. They were divided into 2 groups: free-breathing group and breath-hold group. A total of 36 children were clinically diagnosed as suspected myocarditis, 21 as cardiac arrhythmia, 3 children as noncompaction of ventricular myocardium. All children showed normal or mild abnormal cardiac morphology, function, and myocardial tissue characteristics. Exclusion criteria were incomplete CMR examination, contraindications to MR imaging, severe cardiac structure and function abnormality, and severe motion artifact. The study was approved by the institutional ethics committee of Shandong Medical Imaging Research Institute. Written informed consent was obtained from the parents of children.

Children who could cooperate well (usually \>7 years) would be instructed how to hold their breaths before the examination, and the MR images were acquired at end-expiratory condition. If they could not hold their breaths (usually \<7 years), they would be sedated with 10% chloral hydrate and examined under free-breathing condition.

2.1. CMR imaging protocol
-------------------------

CMR imaging was performed on a clinical whole-body 3.0-T MR imaging system (Achieva 3.0 T TX; Philips Healthcare, Amsterdam, The Netherlands) equipped with flexible dual-source RF transmission technology (dual-source RF, maximal achievable gradient amplitude, 80 mT/m; slew rate, 200/T/m/s). A 16-channel torso phased-array receiver coil was used for signal reception. All data acquisition was retrospective electrocardiograph gated. The images with dual-source RF transmission were acquired when dual-source RF switched on and the images with single-source were acquired when dual-source RF switched off.

For each CMR examination, a cardiac-triggered B1 calibration scan was performed in the horizontal long axis (HLA). The B1 calibration images were acquired utilizing a saturated dual-flip angle (FA) method with a segmented echo-planar imaging read out described by Cunningham et al.^\[[@R17]\]^ The scanning parameters were: repetition time (TR)/echo time, 1000/3.2 milliseconds; nominal FA, 60°; slice thickness, 6 mm; number of slices, 3. The saturation delay of 500 milliseconds was applied to "reset" the magnetization. Based on the B1 calibration images, optimal phase, and amplitude of RF transmit channels with patient-adaptive RF shimming were set and revised automatically for subsequent imaging in the dual-source mode. Although in the conventional quadrature mode, the B1 map without patient-adaptive local RF shimming was also acquired with a fixed phase difference of 90° and identical transmit power of RF transmit channels for intraindividual comparison.

The b-SSFP cine images of all children in the HLA and short axis (SA) were acquired with dual-source RF transmission. The comparative cine images with conventional single-source RF transmission were also acquired at an identical location. The acquisition parameters in free-breathing and breath-hold groups were shown in Table [1](#T1){ref-type="table"}.

###### 

The parameters of b-SSFP cine sequence in free-breathing and breathe-hold groups.
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2.2. Image postprocessing analysis
----------------------------------

All the original image data were processed and analyzed with the semiautomated segmentation software on the workstation (EWS; Philips Healthcare).

The B1 maps of 60 children were acquired in the HLA with and without patient-adaptive local RF shimming. The B1 homogeneity was evaluated quantitatively using the achieved mean percentage of nominal FA and its coefficient of variation (CV).^\[[@R11]\]^ High B1 homogeneity performed as high mean percentage and homogeneous distribution of FA, low CV. The parameters of B1 homogeneity were obtained in the B1 maps within a region of interest (ROI) encompassing the entire heart. The ROI was drawn manually on the modulus image and was copied to corresponding B1 map.^\[[@R15]\]^ The mean percentage of FA and standard deviation (SD) within the ROI were calculated automatically and a cumulative histogram that showed the distribution of FA was acquired on the workstation (EWS; Philips Healthcare). The CV of the mean percentage of the FA within the ROI was calculated manually using the formula as follow^\[[@R11]\]^: 

The CRs with dual-source and single-source RF transmission were evaluated in the HLA and SA of cine images. For each child, A ROI that covered an area of 50 to 100/mm^2^ was placed in the interventricular septum (IVS) to measure the mean signal intensity with and without patient-adaptive RF shimming. The mean signal intensity of blood pools of left ventricular (LV) and right ventricle (RV) with and without patient-adaptive RF shimming was also acquired by the same method (avoiding papillary muscle). The CR between IVS and blood pool were calculated as follows^\[[@R18]\]^: 

The off-resonance artifacts in the HLA and SA of cine images with dual-source and single-source RF transmission were evaluated independently by 2 experienced CMR radiologists (BZ, 30 years and CYW, 17 years) blinding to clinical data and sequences. Four-point grading scale was used as follow: 4 = no off-resonance artifacts, excellent image quality; 3 = mild off-resonance artifacts, 2 = moderate off-resonance artifacts, and 1 = distinct off-resonance artifacts leading to nondiagnostic image quality.^\[[@R11]\]^

2.3. Statistical analysis
-------------------------

Categorical data were reported as percentage and continuous data as the mean ± SD. The normality of the variables was assessed by the Shapiro--Wilk test. Student *t* test was performed to compare the mean percentage of FA and CV with and without patient-adaptive RF shimming for B1 homogeneity. To evaluate the image quality between dual-source and single-source RF transmission, CRs was compared using paired *t* test and analysis of variance and off-resonance artifacts were assessed by the Mann--Whitney *U* test. Cohen kappa test was also performed to evaluate the interobserver agreement of off-resonance artifacts, which was defined as follows: a k value of less than 0.2 was indicative of poor agreement, 0.21 to 0.4, fair agreement, 0.41 to 0.6, moderate agreement; 0.61 to 0.80, good agreement; and 0.81 to 1.0, excellent agreement.

All statistical tests were 2-sided, and *P* values less than .05 were considered as statistical significant. The statistical analysis was carried out using SPSS version 19.0 (SPSS INC., Chicago, IL) and MedCalc for Windows, version 12.7.4 (MedCalc Software, Ostend, Belgium).

3. Results
==========

All children in free-breathing and breath-hold groups successfully completed the required CMR examinations, and diagnostic quality data sets were obtained. Clinical characteristics were shown in Table [2](#T2){ref-type="table"}.

###### 

Clinical characteristics in free-breathing and breathe-hold groups.
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3.1. B1 homogeneity
-------------------

The quantitative analysis for the B1 homogeneity between dual-source and single-source RF transmission is summarized in Table [3](#T3){ref-type="table"}. The mean percentage of FA with patient-adaptive dual-source RF transmission was significantly higher than single-source RF transmission in both free-breathing and breath-hold groups (free-breathing group: 104.2 ± 4.6 vs 95.5 ± 6.3, *P* \< .001; breath-hold group: 101.5 ± 5.1 vs 92.5 ± 6.3, *P* \< .001). For the mean CV of this 2 groups, the dual-source RF transmission was lower than conventional single-source mode (free-breathing group: 0.06 ± 0.02 vs 0.09 ± 0.03, *P* \< .001; breath-hold group: 0.07 ± 0.03 vs 0.10 ± 0.04, *P* = .005), indicating a better B1 homogeneity. A representative distribution of the achieved percentage of FA between dual-source and single-source RF transmission is shown in Fig. [1](#F1){ref-type="fig"}.

###### 

Comparison of B1 homogeneity between dual-source and single-source radiofrequency transmission in free-breathing and breathe-hold groups.
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![B1 homogeneity data acquisition and image postprocessing. The cardiac modulus images (A and D) and B1 maps (B and E) in the horizontal long axis were acquired with single source (A and B) and dual source (D and E) radiofrequency (RF) transmission. The region of interest was drawn manually on the modulus image (A and D) and copied to corresponding B1 map (B and E). Improved B1 homogeneity was found visually in B1 maps with dual source RF transmission (E) compared with single source RF transmission (B). The distribution of achieved percentage of nominal flip angle (FA) with dual source RF transmission (F) was more concentrated and homogeneous than that with single source RF transmission (C). Besides, the mean percentage of FA was higher with dual source RF transmission (F). FA = flip angle, HLA = horizontal long axis, RF = radiofrequency, ROI = region of interest.](medi-96-e7034-g006){#F1}

3.2. Image quality
------------------

In the b-SSFP cine images of free-breathing group, 79 slices in the HLA and 33 slices in the SA were acquired and the CRs with dual-source and single-source RF transmission were evaluated. Both the LV-to-septum and RV-to-septum CRs in the HLA and SA were significantly improved with dual-source RF transmission compared to conventional single-source mode (HLA:CR~LV~: 0.46 ± 0.075 vs 0.42 ± 0.070, *P* \< .001; CR~RV~:0.54 ± 0.075 vs 0.43 ± 0.081, *P* \< .001) (SA:CR~LV~: 0.49 ± 0.051 vs 0.45 ± 0.060, *P* = .023; CR~RV~: 0.47 ± 0.064 vs 0.35 ± 0.078, *P* \< .001). In breath-hold group, 81 slices in the HLA and 47 slices in the SA of cine images were acquired. Similar significant improvement of CRs were also observed (HLA:CR~LV~: 0.53 ± 0.065 vs 0.46 ± 0.048, *P* \< .001; CR~RV~: 0.58 ± 0.059 vs 0.47 ± 0.066, *P* \< .001) (SA:CR~LV~: 0.54 ± 0.040 vs 0.50 ± 0.041, *P* \< .001; 0.48 ± 0.060 vs 0.35 ± 0.072, *P* \< .001). The LV (RV)-to-septum CRs in the HLA and SA with dual-source and single-source RF transmission are shown in detail in Fig. [2](#F2){ref-type="fig"}. A representative signal distribution in line profiles in b-SSFP cine images of free-breathing group with and without patient-adaptive RF shimming is shown in Fig. [3](#F3){ref-type="fig"}.

![Contrast ratios (CRs) in the horizontal long axis (HLA) and short axis (SA) of cine images in free-breathing and breathe-hold groups. Histogram showed left ventricular-to-septum CRs (A and C) and right ventricular-to-septum CR (B and D) with dual-source and single-source radiofrequency (RF) transmission in both free-breathing (A and B) and breathe-hold (C and D) groups. Compared with single-source RF transmission, dual-source RF transmission could significantly improve the CRs in the HLA and SA of cine images in both free-breathing and breathe-hold groups. CR = contrast ratio, HLA = horizontal long axis, LV = left ventricular, RF = radiofrequency, RV = right ventricular, SA = short axis.](medi-96-e7034-g007){#F2}

![The signal intensity-over-distance curves in the horizontal long axis (HLA) of cine images. Cine images in the HLA (A and C) were obtained with conventional single-source (A and B) and dual-source (C and D) radiofrequency (RF) transmission in free-breathing group. The signal intensity-over-distance curves shown that the signal intensity in both BP and interventricular septum with dual-source RF transmission (D) was more homogeneous than that with single-source RF transmission (B). Besides, the signal contrast at the blood-myocardium border with dual-source RF transmission (D) was more obvious than that with single-source RF transmission (B). BP = blood pool, HLA = horizontal long-axis, IVS = interventricular septum, RF = radiofrequency.](medi-96-e7034-g008){#F3}

In free-breathing group, 16 children (M, 9; median age: 4.5) were sedated. There were no significant statistical differences of LV (RV)-to-septum CRs between sedated children and awake children (*P* \> .05 for all). Compared with CRs in breath-hold group, most LV (RV)-to-septum CRs in free-breathing group with dual-source and single-source RF transmission were much lower (*P* \< .05, except for RV-to-septum CRs with single-source RF transmission, *P* = .109) (Fig. [4](#F4){ref-type="fig"}).

![Contrast ratios (CRs) in the horizontal long axis of cine images in sedated and awake children. In free-breathing group, there was no significant statistical difference of left ventricular (LV) (right ventricular \[RV\])-to-septum CRs between sedated children and awake children. Compared with CRs in breath-hold group, most LV (RV)-to-septum CRs in free-breathing group with dual-source and single-source radiofrequency transmission were much lower. CR = contrast ratio, HLA = the horizontal long axis, LV = left ventricular, RF = radiofrequency, RV = right ventricular.](medi-96-e7034-g009){#F4}

The scores of the off-resonance artifacts in the HLA of cine images were significantly higher than that in the SA in both free-breathing and breath-hold groups (*P* \< .001 for all). In the HLA of cine images, dual-source RF transmission could significantly reduce the off-resonance artifacts in both free-breathing and breath-hold groups compared with conventional single-source RF transmission (free-breathing group: reader A, 3.39 ± 0.99 vs 2.87 ± 1.34, *P* = .028; reader B, 3.38 ± 1.04 vs 2.84 ± 1.32, *P* = .008) (breath-hold group: reader A, 3.43 ± 1.02 vs 2.84 ± 1.32, *P* = .002; reader B, 3.43 ± 1.01 vs 2.80 ± 1.29, *P* = .001). Interobserver agreement between both 2 readers was good (kappa values from 0.68 to 0.74). However, in SA of cine images with dual-source RF transmission, the off-resonance artifacts could not significantly reduce compared with single-source RF transmission. The scores of off-resonance artifacts are shown in detail in Table [4](#T4){ref-type="table"}. The HLA of cine images with off-resonance artifacts with and without RF shimming are shown in Fig. [5](#F5){ref-type="fig"}.

###### 

Comparison of the scores of off-resonance artifacts between dual source and single source radiofrequency transmission in free-breathing and breathe-hold groups.
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![The off-resonance artifacts in the horizontal long axis of cine images with and without patient-adaptive radiofrequency (RF) shimming. The off-resonance artifacts in the cine images were shown in both free-breathing (A and B) and breath-hold (C and D) groups. Compared with single source RF transmission (B and D), the off-resonance artifacts in the cine images with dual-source RF transmission (A and C) were significantly reduced (arrows). HLA = the horizontal long axis, RF = radiofrequency.](medi-96-e7034-g011){#F5}

4. Discussion
=============

In our study, we quantitatively evaluated and compared the effects of dual-source parallel RF transmission with patient-adaptive shimming on the B1 field homogeneity and image quality in children at 3.0-T MR. Compared with conventional single-source, dual-source parallel RF transmission could significantly improve the B1 homogeneity and CRs, reduce the off-resonance artifacts in the HLA of the cine images.

In our study, we found that the dual-source parallel RF transmission could significantly increase the mean percentage of FA, decrease the mean CV and optimize the distribution of FA in both free-breathing and breath-hold groups compared with single-source RF transmission, indicating a more homogenous B1 field. Several approaches, such as postprocessing methods or dielectric cushions,^\[[@R19]\]^ had been used to eliminate or reduce B1 field inhomogeneity at 3.0-T MR, which had a limited effect. Traditional single-source RF transmission provided RF shimming using a fixed anatomy-dependent shimming mode, despite the huge individual anatomical differences in children. Dual-source parallel RF transmission used 2 independent transmission channels, of which the optimal phase and amplitude could be set and revised automatically for subsequent imaging. With this active patient-adaptive RF shimming, the distribution of FA could be optimized and the achieved mean percentage of FA could increase, leading to an improved B1 field homogeneity. As a result, the image homogeneity and myocardial-blood contrast of the images could significantly increase. In our study, we found that the CRs with dual-source RF transmission were significantly improved in free-breathing and breath-hold groups compared with single-source mode. This was consistent with certain studies, which had shown that dual-source parallel RF transmission could improve CRs of CMR in adult^\[[@R15]\]^ and MR imaging of the abdomen, pelvis, and spine at 3.0 T,^\[[@R16]\]^ compared with conventional single-source RF transmission.

In our study, the b-SSFP cine sequence was applied to evaluate the cardiac morphology and function in children at 3.0 T. Cine imaging was one of the cornerstones of CMR examination.^\[[@R6],[@R20]\]^ Nowadays, the b-SSFP cine sequence had become the workhorse of cine imaging at 1.5 T because of its dramatic improvement in SNR and myocardium-blood contrast.^\[[@R11],[@R21],[@R22]\]^ However, the application of b-SSFP sequence at 3.0 T was limited due to significant off-resonance artifacts at the interface of tissues with high susceptibility differences, such as the inferolateral wall of the left ventricle.^\[[@R23]\]^ Combining a higher order shim with a frequency scout was the common method to decrease off-resonance artifacts. The usage of a shorter TR could increase the distance between bands and remove the off-resonance artifacts out of the ROI in CMR.^\[[@R23],[@R24]\]^

In our study, we found that dual-source RF transmission could significantly reduce the off-resonance artifacts in the HLA of cine images in both free-breathing and breath-hold groups. With the implementation of dual-source RF transmission, the achieved mean percentage of FA was improved and its distribution was more homogeneous. The homogeneity of the B1 field could reduce local specific absorption rate (SAR) peaks and optimize the SAR distribution, which made it possible to lower the TR or increase FA of the SSFP sequences.^\[[@R11],[@R15],[@R16],[@R25]\]^ The minimum TR achievable for cine imaging at 3.0 T could remove the off-resonance artifacts out of the wall of LV.^\[[@R23]\]^ However, in SA of cine images with dual-source RF transmission, the scores of off-resonance artifacts did not significantly higher than that with single-source RF transmission. The off-resonance artifacts in SA always existed in inferolateral walls of LV, which were at the interface of liver, stomach, and myocardium with higher susceptibility differences.^\[[@R23]\]^ The off-resonances artifacts in inferolateral walls of LV were too severe to eliminate with dual-source RF transmission.

In our study, the multiple signal averaging in b-SSFP cine image was applied in small children with free-breathing scanning. It was a common method to "average out" the respiratory motion and the through plane motion artifacts.^\[[@R12],[@R13]\]^ This simple approach increased the number of signal averages (NSAs) to 2 to 3^\[[@R4]\]^ and inherently improved the SNR. But averaging in the presence of significant respiratory motion could more or less decrease the spatial resolution and blur the cardiac structure, especially the endocardial boundary, thereby affecting the assessment of cardiac function.^\[[@R26]\]^ Besides, multiple NSAs led to the accumulation of RF dose and were more inclined to reach the limitation of SAR, especially at 3.0-T MR.

All those disadvantages of multiple NSAs could be resolved by using the dual-source RF transmission. With the significant improvement of blood-to-myocardium contrast in the b-SSFP cine images, the endocardial boundary could be identified more clearly and the cardiac function could be assessed more accurately.^\[[@R27]\]^ In the free-breathing group, we found that the signal contrast at the blood-myocardium border with dual-source RF transmission was more obvious than that with single-source RF transmission (Fig. [3](#F3){ref-type="fig"}). Besides, improved B1-field homogeneity could reduce local peaks of energy deposition and optimize the distribution of whole body SAR.^\[[@R11],[@R15]\]^

One of the limitations in our study was that children enrolled in were not healthy children. But all children performed normal or mild abnormal cardiac morphology, function, and myocardial tissue characteristics in CMR. Another limitation was that we only evaluate the effect of dual-source parallel RF transmission on the B1 homogeneity and b-SSFP cine sequences. The values of dual-source parallel RF transmission on the cardiac function, myocardial perfusion imaging, and myocardial tissue characteristics would be discussed in the future.

5. Conclusion
=============

Compared with conventional single-source, dual-source parallel RF transmission with patient-adaptive RF shimming could significantly improve B1 homogeneity and image quality for CMR in children at 3.0 T. This technology could be taken into account in CMR for children with cardiac diseases.

Abbreviations: b-SSFP = balanced steady state free precession, CMR = cardiac magnetic resonance, CR = contrast ratio, CV = coefficient of variation, FA = flip angle, HLA = horizontal long axis, RF = radiofrequency, SA = short axis, TR = repetition time.
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